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Abstract - N,N-dimcthylformaniide (DMF), N,N-dimethylacctaniidc (DMA) and hexamethylphosphoric 
triamidc (I-IMPA) arc all oxygen-donor solvcnts, and thcir clectron-pair donating property incrcascs in the 
ordcr DMF =c DMA c I-IMPA. The coniplcxation is thus cxpcctcd to be generally wcakcncd in  thc sanic 
order orsolvents. However, the halogcno complexation of metal ions i n  DMA and HMPA is significantly 
cnhanccd over DMF. Such an unusual complexation cannot be cxplaincd in terms of the difrcrencc in the 
strcngth olmctal-solvent bonds, as wcll as thc diffcrcncc in lhcstrcngtli of ligand-solvcnt intcraction,sol- 
vetit-solvent interaction in thc bulk or nonspccific ion-solvcnt interaction. Although transition nictal(11) ions 
arc six-coordinated in DMA, likc DMF, the mctal-solvcnt interaction niaybc wcakcncd duc to an accthyl 
mcthyl group ncxt to the coordinating carbonyl oxygcn atom. On thc othcr hand, as IIMPA is a vciy bulky 
molcculc, thc nictal ions can not acconimodatc six solvcnl niolcculcs but  only four in I-IMPA. ‘Thus, stcric 
intcraction bctwecn coordinating solvcnt niolcculcs plays a key rolc i n  the thcrmodynamic anomaty. IIcrc, 
lhcrmodynamic and structural aspects of solvation stcric cffccts will bc dcscribcd. 

COMPLEXATION OF METAL IONS A N D  SOLVENT PROPERTIES 

The complexation of metal ions in  solution dcpcnds stronglyon tlic solvcnt. I n  gcncral, solvcnt diclcctric constants cannot 
explain solvent cffccts on thc coniplcxation of mctal ions. Uspecially i n  coordinating solvcnts, thc strength of mctal-solvcnt 
bond plays an important rolc in the solvcnt cffcct, as nictal-solvciit bonds arc rupturcd upon coniplcxation. Thus, a solvcnt 
parameter relating to tlic strcngth of an clcctron-pairdoiiatingability, such as thc Gutmann’s donor numbcr (rcf. l), maybc 
used to estimate the magnitude of solvcnt cffccts on thc coniplcxation of rclativcly hard metal ions. For soft metal ions, a diffcr- 
ent solvent scale has bccn proposed by Pcrsson (rcf.2). 

However, factors other than the strength of direct metal-solvcnt bonds also play a significant role. Anions tend to form hydro- 
gen bonds, and thus the complcxation of anionic ligands is espcciallywcakcncd in protic or hydrogcn-bondingsolvcnts. Thc 
complcxation IS suppressed also in a solvent with a strong solvent-solvciit intcraction in the bulk (rcf. 3). Indccd, thc halogcno 
complexation of metal ions isveiywcak i n  water, bccausc thc halidc ions form hydrogen bonds with watcrniolcculcs, and bc- 
sides water niolcculcs in thc bulk arc strongly intcractcd with cach other to form thrce diincnsional hydrogcn-bonded structure. 
Similarly, the halogeno coniplexation of riictal ions in dinicthyl sulfoxidc (DMSO) IS appreciably wcakcr than that in DMP, 
which is mainly duc to rclalivcly strong solvcnt-solvcnt dipole intcraction bctwccn DMSO molcculcs in thc bulk (rcf. 4-6). 

Table 1 shows sonic physicochcniical propcrtics of N,N-dinictliylforniaiiiidc (IIMF), N,N-d~mtliylacctamidc (DMA) and 
hexamethylphosphoric triamidc (I-IMPA) (ref. 7). Thcy arc classificd as typical oxygcn donorsolvcnts, and thcir ion-solvent 
interaction is strong with metal ions but wcak with anions. With rcgard to DMIi and DMA, thc Gutmann’s donor and acccptor 

Table 1. Some physicochemical propcrtics of solvcntsa 
[DMF HCON(CH$$ [DMA: CH3CON(Cl-13)2], [HMPA: [(CH3)2N]3PO] 

DMT: DMA IIMI’A DMI‘ DMA HMI’A 

Molccular Weight 73.094 87.121 179.201 I3oiling point/’ C 153.0 166.1 233 
Density/g cni3 0.944 0.936 1.020 I?rcczingpoint/o C -60.43 -20 7.20 

8.02 9.27 31.0 Ilcat ofvaporization/.l mo1-l 47.514 49.15 61.1 Viscosity/lO Pas 
Heat capacity/J K-l  g-l 148.36 151.4 321.3 Dipolc niomcnt/10-30 C ni 10.80b 14.23‘ 18.47b 
Donor number (DN) 26.6 27.8 38.8 Diclcctric constant 36.71 37.78 29.30d 
Acceptor number (m 16.0 13.6 10.6 

aValucs rercr to 25 OC and l.O132MO-’ Pa. ’in bcnzcne. in 1.4-dioxanc. ‘ 20 ’ C. 
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numbers a rc  not significantly diffcrcnt, as  well as other solvent propcrtics such as dcnsity, viscosity and dielectric constant. 
With HMI'A, viscosity is Iiighcr aiid dielectric constant is slightly sniallcr than that of DMF. Tlic donor and acccptor numbers 
suggest that I-IMPA acts as a stronger donor but wcakcr acccptor comparcd to IIMF. 

Unlike water, aprotic solvcnts D M F  and D M A  liavc no  ability to Corm hydrogen bonds, aiid besides thcir solvciit-solvent 
interaction in the bulk is weak. This  leads to  a signilicantlyciilianccd halogcno complcxation of nictal ions in Lhcsc aprotic 
solvcnts over water. Howcver, despite the similar clcctron-pair donating and acccpting properties of DMV and DMA, thermo- 
dynamics of metal complcxation in these solvcnts is quilc diffcrcnt. Thc complexation in HMPA is also unusual. Evidently, the 
steric interaction between coordinating solvcnl niolcculcs Lo a metal ion play a key rolc i n  thc anomaly. Here, wc compare 
thermodynamics and strticturc of mctal coniplcxcs i n  I)MIi, DMA and 1 IMI'A with a spccial attcntion to tlic stcric interaction 
on solvation and coniplcxation in DMA and I-IMI'A. 

Table 2. Thcrniodynaniic paranicters of the stcpwisc cliloro complcxation in diinctliylrormamidc aiid di- 
niethylacctaniidc containing 0.4 niol dn1-3 I!t4NCIO4 and 0.1 niol 13t4NUF4, rcspcctivcly, at 25 C. 

Dinict iy l  lornianiidc Di iiic t liylacc ta in1 idc 

Mna Coa Nib %," M tic co' Nid ZnC 

3.69 3.43 
2.40 3.42 
3.93 4.99 
2.61 2.29 
1.1 6.3 

25.6 52.2 
5.1 -24.8 

-10.5 -6.1 
74 a7 
132 241 
92 12 
15 23 

-72.1 -80.6 
21.3 27.6 
313 363 

2.85 
0.91 
1.77 
1.87 
8.6 
19.1 
62.9 
-13.4 
84 
82 
245 
-9 
42.2 
17.2 
401 

4.81 4.1 
6.99 3.3 
5.26 4.3 
2.22 2.12 
14.7 18.6 
1.4 16 

-17.6 -13 
-7.9 -12.3 
142 141 
139 126 
42 38 
16 -1 

-110.0 -82 
-9.4 8.5 

338 305 

5.42 
6.42 
4.45 
1.97 
26 
-4 
-13.6 
-7.5 
190 
111 
40 
12 

-104.2 
1.2 

354 

4.31 
4.22 
4.51 
1.73 
28.4 
22 
-3.3 
-6.4 
178 
154 
75 
12 

-84.3 
40.7 
419 

8.6 
7.8 
5.0 
1.94 

-1.7 
-20.6 
-16.9 
-10.4 
159 
80 
39 
2 

-133 
49.6 
28 I 

8, bref. 9,'rcf. 10, drcl. 11. log(K/mol-I dm3), Mo/kJ mol-I and b 0 / J  K-l mol-l. 

CM,hi/rnmd drn.3 NI(I1)-CI Complexallon In DMF 

15 0 5 10 1 
0-S 

'cI'CN~ wavclcngtli/nni 

3 Fig. 1. (a) Calorimetric titratioiicurvcsfor thc nickel(I1)-chloridcsystcni i n  DMIJcontaining0.4 moldm- 
Et4NC104 at  25' C, (b) Electronic spectra of individual [NiCl,, ['-"I ' (11  = 1-4) complexes. 
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THERMODYNAMICS OF COMPLEXATION IN D M F  A N D  D M A  
The chloro coniplcxation of transition nictal(I1) ions and sonic lanthanidc(II1) ions have bccn studied i n  DMF and DMA by ii 

precise titralion caloriiiietry system dcvclopcd in our laboralory. Fig. l(a) shows typical calorinictric titration curvcs oblaincd 
for the nickcl(I1)-chloridc systcm in DMF. The heat of reaction q mcasurcd is normalized as [-9/( 6 v ) E l  t i t ] ,  wiicrc 6 v a n d  
Ccl l i t  stand for thcvolunic of the added titrant and the concentration of the chloride ion i n  tlic titrant, rdspcctivcly, and is 
plotted against cc:I/%i i n  solution. Tllc caloriniclric dala were analy cd by il nonlinear 1casl-squ;ircs program, and the titril- 
tion curves wcrc well cxplaincd in tcrnis of tlic formation of [NiU I (2-nf+ ( i i  = 1-41 complexes (rcr.9). I n  fact, tlic solid lines, 
calculated by using tlic formation constants, rcaction cnilialpics a/h entropies tliiis ol)taincd, reproduce we11 a11 tlic cxpcrimcn- 
tal points. Thc formation constants of tlic complcxcs were also obtarricd by spccirol)iiotonictric t i i r a t ion  and clcctronic spcctra 
or individual coniplcxcs wcrc extractcd as shown i n  I'ig. I(b). 'rhcrmodynaniic parametcrs for tlic chloro coniplcxatioii of 
manganese(II), cobalt(II), nickcl(I1) and zinc(I1) ions arc listcd in  Table 2. Thc spccics distribution is shown in Fig. 2. It clearly 
demonstrates that, in all the melalsystemsexaniined, thccomplexatioii issignificantlyfavorablc in DMAcomparcd toDMF. 
The variation of stepwisc enthalpy and entropy valucs depends strongly on the metal ion. Tlic valucs for thc overall 
formation of [MCI 4~ 2- arc all large and positive, which is typical in strong donor solvents. 
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Fig.2. Specics dis t r ibut ion ofchloro  coniplcxcs of 
transition nictal(I1) ions in DMF and D A at 2.5' C. 
The number represents nwithin [MCln]( Y -'I+. 

(2-17) + l?ig.3. Extracted clcctronic spectra of INiCl 1 
( n  = l-&,\,MA. (a) 'I'hc numbcr rcprcs&ts 11 within + lNiCll 1 = 0, 3 and 4), (0) 1NiCIl , 
and (c$ [NiCI,] . 

A significant differcncc was also found for the halogcno coniplcxation of lanthanidc(II1) ions in DMI: (rcf.12) and DMA. ?'he 
monochloro and moriobronio coniplcxcs arc apprcciably fornicd and their formation constants, cnthalpics and cntropics wcrc 

unexpected considering that the lantlianide(II1) ions arc classified as hard mctal ions. Intcrestingly, such an unusual complcxa- 
1 tion behavior cannot be observed in DMA, i.e., the bol valucs arc 19.1 and 25 kJ niol- for chloridc and broniidc, rcspcctivcly. 

Note that the corresponding entropyvalues arc large and positivc cxccpt for the complcxation of [LaDr12+ in DMP, suggesting 
that chloridc ions form inner-sphcre coniplcxcs in both the solvcnts, while bromide ions form iniicr complcxcs i n  DMA but 
outer complcxcs in DMF. The yttrium(II1) ion behavcs as laiithanidc(II1) ions, and the 8yY NMIl of bromide solutions shows 
nochcmicalshift rclativc to that ofapcrchloratcsolution ol'DMli', while 1liccorrcspondingNMllsIiowsasigiiificatit shift i n  
DMA, providing evidcncc of thc outer- and inner-splicrc bromo complexalion i n  DM17 and DMA, rcspcctivcly (rcf.13). 

COORDINATION GEOMETRY CHANGE UPON COMPLEXATION 
In DMF, grccn color of a nickcl(I1) pcrchloratc solution cliangcs 10 tlccp bluc upon addition of a ~ctr~ictliylanimoniiim chloride 
solution. 'I% i s i ni p I i cs t h a 1 an oc t a li cd ra I six -coo rd i n a i c gco iii  c i ry a ro ti lid n i c kc I ( 1 I )  ion c Ii a n gcs LO a 1 c t ra h cd ra I lo u r-  
coordination upon con~plcxation. l'lic clcctronic specira clearly dcnionstratc that tlic mono- and dichloro complcxcs arc  six- 
coordinated, but tlic tri- and tetrachloro complcxcs arc lour-coordinatcd. Wc can thus conclude that tlic coordination gcoiiictry 
changes at tlic third step of coniplcxation (Schcmc 1). 'l'hc coordination geomctiy change is accompanied by extensive libcration 

Schcmc I (S = DM13 
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of bound solvent molcculcs. In fact, in Tablc 2, the &lo3 and ASo3 values for tlic Ni(l1)-CI systcm in  DMP arc particularly largc 
and positivc, suggesting that solvent molcculcs bound to mctal ions arc libcratcd cxtcrisivcly upon thc formation of [NiCI3]-. 
Similarly, for tlic Co(11)-CI systcm in DMF, both thcrniodynaniic paramctcrs aiid clcctronic spcctra show that an 0 -T geoinc- 
try changc occurs at the second stcp. With niangancsc(l1) in DMF, lar c and positivc cnthalpy and cntropy values appcar at the 
second stcp like cobalt(I1). With zi c(II), the formation of [ZnCI] isstrongly supprcsscd, and the gcomctiy changc thus 
occurs upon the formation of [ZnC12] . 
In DMA, on the otlicr hand, the &lol and ASol valucs are largc and positivc in all lhc mctal systcms cxamincd, suggesting tha t  
extensive liberation of bound solvent molecules occurs at thc first stcp of complcxalion. According to tlic cxtractcd clcctroiiic 
spcctra (Fig.3), thc free nickcl(f1) ion is cvidciitly six-coordinated, whilc thc tri- and tctracliloro complcxcs arc four-coordinated 
(ref.13). With rcspcct to the mono- and dicliloro complcxcs, clcctronic spcctra show tliermocliromisni, suggcsti g that solvat ion 
equilibria bctwccn five- and six-coordination for [NiCl] and bctwccn four- and live-coordination for [NiCI ] arc cstablishcd 2 
(scheme 2). 

In gcncral, thc coordination gcoriietry changc upon complexation occurs at an earlier stcp in  DMA than in  DMF. This applics 
also for thc isothiocyanato complcxcs of nickcl(l1). In both DMF and DMA, a scrics of mono-, di-, tr i -  and tctraisothiocyanato 
complcxcs arc lornicd. Intercstingly, no coordination geomctiychaiigc occurs upon complcxation i n  DMF(rcf.14), whilc i t  
docs upon thc formation of thc tctraisothiocyanato complcx i n  DMA. 
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Schcmc2(S = DMA) 

STRUCTURAL PARAMETERS IN SOLUTION 
EXAFS mcasurenicnts providc information on thc coordination structure around nictal ions in  solution. ?lie structural param- 
eters of nictal solvatcs in DMF and DMA are listed in  Tablc 3, along with those in  I-IMI'A. For Mn(II), Co(II), Ni(I1) and 
Zn(I1) in DMF (rcf. 15,16), all n values arc closc to 6, and thc r valucs arc practically thc same as those of lhc corresponding 
hydrates, indicating that thcsc metal ions arc octahcdrally six-coordiriatcd as i n  watcr (rcf. 17). This applics also for Mn(II), 
Co(I1) and Ni(I1) in DMA (rcf. 16). I n  Tablc 2, with Mn(II), Co(I1) and Ni(II), thc ASo valuc in DMA is similar to that i n  

2- DMF, whilc thc &lo valuc in DMA is appreciably smallcr t h a n  that in DMF. As tk solvation of thc anionic [MCI4] 
complex may bc wcapand to a similar extent in both DMI' and DMA, the smallcr AYo value might rcflcct wcakcr solvation of 
metal ions within [M(DMA)$+. Wc thus imaginc that the M-O(DMA) bonds ak?dcfornicd duc to stcric hindrancc of thc 
acethyl methyl groups bctwccn thc octahcdrally coordinated DMA molcculcs. 

With regard to Zii(11) in  DMA, an appreciably small /I and r valucs wcrc obscivcd, indicating that an oclahcdral gcomctiy is 
not kept in this system. Thc M-O(DMA) bond is shortcncd with rcduccd solvation nunibcr. Conscc]ucnlly, dcsolvation upon 
complexation may bc lcss cxtcnsivc, as indicatcd by thc ASo valuc, which is markcdly smaller in  DMA than in DMF. fi  

Table 3.'I'hc solvation iiumbcr, 11, aiid M-O(solvcnt) bond Icngth, d p m ,  ofnictal(l1) 
ions in  dimetliylforniamidc, dimctliylacctamidc and licxamctliylphosplioric trianiidc. 

DMI? DMA I-IMPA 

Mn(I1) 5.8 216 5.8 216 4.9 201 
W I )  5.9 208 5.5 201 3.9 195 
Ni(I1) 5.9 204 5.9 205 4.2 197 
Zn(I1) 5.8 208 4.6 199 4.1 193 
W I )  4.8 223 
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Lanthanide(II1) ions can accomniodatc cight or ninc solvcnt molecules. l l i c  ciyslal ionic radii of lanthanidc(lI1) ions dccrcasc 
monotonically with the atomic nunibcr. Our rcccnt EXAI'S study (rcf.18) revealed that thc M-O(DMA) bond Icngth is shortcr 
than the M-O(DMF) one, and the shortcning is morc pronounced with thc atomic nunibcr as shown i n  Fig. 4. 'Ihis sugcsts that 
the steric intcraction bctwccn coordinalcd solvcnt niolcculcs is more pronounced for a niclal ion with a smallcr ionic radius. As 
expcctcd, thc halogcno coniplexation of Ianthanidc(lI1) ions is considcrably cnhanccd in DMA over DMP. 

As described in a prcvious scction, it was sugcslcd that lanthanidc(II1) ions lorm oulcr-sphcrc coniplcxcs with broniidc ions i n  
DMF, while inner-sphere complexes in DMA. 'I'hc dircct structural cvidencc was obtaincd by EXAFS as shown i n  Fig. 5, i n  
which the Fourier Transforms F(r) extracted from EXAI'S spcctra arc coniparcd. As tlic q r )  shows a radial distribution of 
atoms around the thulium(II1) ion, thc pcak around 200 pni lor a'lh(C104)3 DMI'or  IIMA solution is cvidcntlyduc to thc 
metal-O(solvcn1) interaction. Practically thc samc profilc of I f f )  was ohtaincd'for a l'nillr DM17 solution, i.c., no brornidc ion 
coordinates to the nictal ion in DMIS. In  contrast, an additional pcak corresponding to tlic nictal-Ilr intcraction was found lor 
a TmBr, DMA solution, which clearly indicating that broniidc ions coordinatc to larmtlianidc(II1) ions in DMA. 
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Fig. 4. Variation o l  thc M - 0  bond length ofsolvatc 
ions or lanthanidc(II1) in DMFand DMA solutions. Vig. 5 I 'J'lic I'ou ric r t ra nsl'orins /'( r )  or i l i c  ex t ractcd 

l%AI'S cuivcs for'l'ni(ll1) in DMIS and IIMA. 

COMPLEXATION A N D  STRUCTURE IN HMPA 

HMPA is an oxygcn donor solvcnt, but the nictal(I1) pcrchloratc solvatc ciystals involvc only four IIMI'A moleculcs pcr a nictal 
ion. In fact, the cobalt(1I) pcrchlorate show deep blue color in I-IMI'A and i n  the solid statc, indicating that tlic mctal ion is 
tetrahedrally four-coordinatcd. Thc small solvation nunibcr coniparcd to that i n  other oxygcn donor solvcnis is evidently duc to 
the steric interaction between bulky HMPA niolcculcs. 

Thcrmodynamic paranictcrs for tlic halogcno coniplcxation of the cobalt(I1) ion i n  IIMI'A arc shown in Tablc 4, togctlicr with 
those for thc zinc(I1) and cadniium(I1) syslcnis. l l i c  species distribution for tlic cobalt(I1) halidc .systcnis is shown i n  Fig. G as a 
typical cxeniple. As no gcomctry change occurs upon complcxation in IIMI'A, four I-IMI'A niolcculcs arc stcpwisc rcplaccd with 

Table 4. Thermodynamic paramctcrs of' thc stcpwisc halogeno complcxation in  licxaiiictliylphosplioric tria- 
midc containing 0.1 niol din- Bu4NC104 at 25 3 C. 

Cobalt(II)a Zinc(l1)' Cadmiuni(I$ 

CI Br 1 CI 13r I D r I 

5.6 2.1 9.5 6.7 4.1 9.3 
3.2 0.9 6.5 3.9 154 7.0 
0.8 3.6 4 5  

2.3 1.9 
-2.7 13.0 -20.0 -7.7 7.3 0.6 
0.3 6.9 -15.2 -3.4 9.8 -5.6 
2.1 -11.6 -18.4 

-3.4 -5.1 
97 95 115 101 102 171 
62 40 74 63 62 116 
22 31 25 

32 15 

7.2 
5.4 
2.26 

14.7 
-4.9 
-12.2 

189 
86 
10 

"ref. 19, "rcf. 20, 'ref. 21. log(Wmol-' dm'), AYo/kJ mol-' and &'/J K-' mol-l . 
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Fig.6. Species distribution of the halogeno 
complcxcs of cobalt(I1) in HMPA at 25' C. 
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Fig.7. Elcctronicspcctra of [CoCIn] 
coiiiplcxcs in HMI'A at 25' C. 
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chloride ions to form extensively Lhc mono-, di-, tri- and tetrachloro coiiiplcxcs with in  ing conccntration of the chloridc ion 
in solution. Elcctronic spcclra of individual coball(I1) chloride complcxcs arc shown i n  Fig. 7. Unlikc DMI'and DMA, tlic 
stepwise reaction cnthalpics arc all ncgativc in HMI'A. 

Thcrmodynarnics of complcxation for the zinc(I1) systcin show a similar trcnd to tliat for tlic cobalt(1I) systems. Indeed, tlic 
AY' values for tlic Zn(I1)-CI, -Brand -I systcms are systcmalically morc iicgativc by ca. 5 and 3 kl nio1-l than the 
corresponding LQI) systems. 

However, a qucstion arises that why arc the AYol valucs for [CoCI] + and [ZnCI] ncgativc in IIMPA. 'Ilic rcsult is surprising 
because thc corresponding valucs in DMF are positive. Notc that i n  both solvent onc inctal-solvcnt bond is rcplaccd with onc 
metal-chloride bond, and that thc electron-pair donating ability of I-IMPA is strongcr than that of DMF. In Tablc 3, tlic M- 
O(HMPA) bond length issignificantlysliortc~icd coniparcd to tlic corrcsponding M-O(DMI') bond, indicating that tlic M - 0  
bond is strcngthcncd i n  IIMPA. Although tlic structural paraiiictcrs for [CoCI(DMIi) ] can not bc dctcrmincd duc l o  its 
suppressed formation in  DMF, what applics for watcr may also apply for DMF. 'l'lic 60-0 and cO-CI bond lengths within 
[CoCI(H 0) ] a rc  195 and 224pm. 2 . 5  
Indeed ,  tlic Co-CI bond length in I IMPA is s h o r t c r  t h a n  t h ' i t  i n  wa tcr .  I n  a d d i t i o n ,  t h e  Co-O(1120)  bond within 
[ C O C I ( I I ~ O ) ~ ]  i- is cloiigalcd coniparcd to that of ICo(1I2O)(,]*+ (208pni), but tlic Co-O(1-IMI'A) bond Icngth docs iiot 
apprcciably cliangc upon coiiiplcxalion. Accordingly, I)oh Co-0 arid Co-CI bonds arc rcsponsiblc morc or less t o  Ilic tlicriiio- 
dynamic anomaly of cornplcxalion in  I-IMI'A and DMI'. 

The complexation behavior of the cadmiuni(I1) ion is markedly diffcrcnt from that of tlic cobalt(l1) ion, i.c., &fol  > &Yoz for 
Cd(I1) in contrast to AYol < &lo2 for Co(I1). Lksidcs, thc &; valuc arc coiisidcrably largcr. This suggests that tlic rclalivcly 
large cadrniuni(I1) ion can accomniodatc more than four I-IMI'A ~iioIccuIcs. Indccd, the avcragc coordination nunibcr n = 4.8 
and the r value of 223 pm wcrc obtaincd in ncat 1-1MI'A. 'llic /I valuc dccrcascs upon dilution of I-IMI'A with incrt nitromclli- 
ane, and in nitromethane rich solution, the nvaluc is 3.9 with tlic r valuc oC217pni, suggcsting thc prcscncc of a solvation cqui- 
libriuni bctwccn four- and five-coordination in I-IMPA. 

and &Yo 1 

+ 

+ 
+ + arc 214 and 235 pni, rcspcctivcly. Tlic corrcsponding valucs within [CoCI(I-IMPA)3] 
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